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Abstract-This work presents design of an anaerobic digester for generation of biogas fired in a burner and in a gas mantle lamp. The 
methodology utilized equations to describe digester that stores slurry and biogas which were discharged according to designed orifices over 
a period. Models to predict volume of biogas generation over a period of retention, spent slurry discharge height from cylindrical digester to 
expansion chamber as well as energy delivered to the biogas burner and lamp were developed to promote scale and dimensions of 
digester systems. The anaerobic digester was determined to have a total plant volume of 10.5 m
3
. The volume of biogas generated over a 
period of 42 days retention shows a concave down curve of exponential polynomial equation, with highest rated daily gas production of 
about 5 m
3
 occurring between 15-25 days. The spent slurry flows towards expansion chamber as slurry level decreases in the digester and 
became much pronounced in day 15 of 42 days retention. The burner had specific firing rate of 0.256 m
3
/s/m
2
 and heat output per unit port 
area of 677 W/cm
2
 while the lamp light output was 1267 lm for an illumination area of 11.3 m
2
. The cumulative heat load of the burner and 
lamp reaches about 9.0 kW and 2.0 kW, respectively.  
Keywords- Anaerobic Digester; Biogas, Burner, Lamp 
——————————      —————————— 
1 INTRODUCTION 
iogas technology as a renewable energy source has 
gained attention that aimed to minimize energy 
crises particularly in developing countries like 
Nigeria. Anaerobic digester is a technique to generate 
biogas, in which organic matters (e.g. carbohydrates, 
protein and fats) are degraded in absence of oxygen. 
Sasse (1988), described scaling of biogas plants based on 
factors that aid biogas production and varying 
proportion of parameters to obtain different sizes of 
biogas plants. Factors that promote biogas production 
which include ratio of carbon to nitrogen present in feed, 
temperature, retention time, loading rate, total solid 
content, volatile solid content and depth to diameter 
ratio in reactor had been documented in Stuart, (2003). 
Nevertheless, optimization, construction and efficient 
operation of biogas digester systems to provide 
sustainable energy have achieved limited success in 
developing countries. To overcome this limitation, 
Khanldwal and Gupta (2009), suggested development of 
mathematical models for biogas digester plant, cooker 
and lamp that incorporates critical dimensions for 
improved overall efficiencies.  
Digesters come in different types. The dome type 
consists of concrete submergible tanks with a dome vault 
placed on cylindrical wall and a manhole located at the 
bottom with an outlet chamber as describe by Karthik et 
al. (2012). The incorporation of mathematical models will 
promote scaling in all parameters such as feed rate, 
sizing of components and prediction of biogas at 
different loads prior to construction that will minimize 
real tests as well as to reduce expensive measurements 
as reported by Haugen et al. (2013) and Hosseini et al. 
(2014). For instance, Nigeria has over 80 biogas digesters 
presently built by various agencies and institutions in 
various States of the Federation but unfortunately, Ani 
(2014), reported that many of the pilot biogas digesters 
are not working due to poor quality of construction. In 
an attempt to simplify design 
* Corresponding Author 
and construction, the development of prefabricated 
biogas digesters (FBD), based on hydraulics, had begun 
in Kenya. The merits of FBD includes easy to install and 
longer life span while its demerits include initial high 
cost and unstable for large scale digester as reported by 
Cheng et al. (2014).  
Biogas is a methane-rich gas that is colourless and a blue 
burning gas that can be used for cooking and lighting. 
Cooking of wheat, corn flour meals or soup making 
rarely exceed one hour each time while lighting do not 
exceed five hours daily in rural areas. Biogas from 
anaerobic digester is piped through a filter, then into an 
orifice and fired in a burner. Burner is a device that 
burns fuel and generate flame within a desired location. 
The biogas burner has bigger orifice than burner for 
natural gas due to differences on biogas/air mixing ratio, 
pressure, flame speed and ignition temperature as 
reported by Obada et al. (2014a). The injector orifice also 
functions as flame arrestor as it prevents flame from 
entering gas supply pipe and to control gas flow rate. 
The biogas mantle lamp generates light by combustion 
and consists of gas inlet hole, mantle holder, a mixing 
tube, a fire-resistant clay head and gauze mantle.  
In Nigeria, the periodic lack of gas supply to burner and 
lamp can be attributed to mismatch of biogas digester 
systems and lack of design to predict gas generation and 
slurry discharge. The aim of this work is to design an 
anaerobic biogas plant that matches a given cooker and 
gas lamp sets. This is specifically achieved by sizing of 
the component parts of a dome type anaerobic biogas 
digester plant, prediction of slurry flow rate into exit 
chamber, and performance evaluation of biogas burner 
and mantle lamp.  
2 METHODOLOGY 
The methodology is based on the use of digester that 
stores slurry and biogas which are discharged according 
to designed orifices over a period. Flow valves regulate 
biogas supply to port areas of the burner and lamp. The 
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properties of biogas (mainly methane), were obtained 
from literature to model and size the biogas digester 
including burner and lamp. The operating principle of 
biogas digester entails addition of required quantity of 
waste and water to form slurry in the digester. 
 
2.1 BIOGAS, REQUIREMENTS, CAPACITY OF BIOGAS 
DIGESTER AND BIOGAS GENERATION  
The capacity of anaerobic digester must be in harmony 
with required usage rate of biogas to match economics of 
scale with respect to water, waste, and biogas quantity 
throughout the retention  
  
2.1.1 The Quantity of Biogas Required 
The biogas demand arose from the quantity needed for 
cooking breakfast, lunch and dinner as well as lighting 
of the household, mainly in the evening per day. The 
capacity of the biogas required is given as: 
                      ... (1) 
Where Q is gas requirement (m3/day); a is biogas used 
per person per hr for cooking; 
η is efficiency of biogas supply for cooking.;  
tc is maximum cooking time for each of corn flour, 
beans and soup making;    
N is average number of times for cooking plus boiling 
water in a day;  
X is average number of the family in a household in 
rural areas in Nigeria; 
tl is average lighting period in a day; b is average 
biogas consumption by gas mantle lamp 
 
2.1.2 Quantity of Waste (Cattle Dung) and Water 
Required 
Cattle dung slurry results in high total digestible 
nutrients from which high yield of biogas can be 
generated than many other biomasses.  Collection of 
dung per day ranched cattle are large and effective 
(Karthik, et al. 2012).  The required amount of waste 
(cattle dung)/day (Dd) was calculated as follows:  
                                     … (2) 
Where qg is quantity of biogas produce from 1kg dry 
cattle dung manure 
Adding water gives the substrate (cattle dung) fluid 
properties and speed up the digestion at ratio of cattle 
dung and water at 1:1. Therefore, daily loading rate into 
the digester was obtained as follows (Ld): 
                          … (3) 
Where Dw is proportion of water added to dry cattle 
dung to make slurry. 
 
2.1.3 Anaerobic Digester Total Plant Volume  
The total plant volume was based on digester loading 
and retention period to sustain the slurry at about pH 
scale of 7 for balanced feed material and methane 
bacteria to enhance good fermentation. The anaerobic 
digester total volume (VT) was calculated as follows: 
                                     … (4) 
Where HRT is the hydraulic retention for cattle dung 
in tropics (ECN, 2005); 
Ld is daily loading rate of dung and water in kg. 
 
2.1.4 The Volume of Biogas Generation over a Period 
of Retention 
The ultimate goal of digester is the production of 
optimal gas for the cooker and lighting, with some 
losses. The design of the digester, incorporates the trend 
for volume of biogas generated from anaerobic digester 
that has followed a trend as represented below 
(Ogbuagu et al. 2003; Schoen et al. 2008): 
…..    (7) 
Where duration for the biogas generation that has 
HRT on limits between Day 1≤T≤42Days, for a dome- 
shaped with Dd, and Dw, as described above. 
2.2 DIMENSIONS AND SPENT SLURRY DISCHARGE FROM 
DOME-TYPE BIOGAS DIGESTER 
2.2.1  Sizing of an Anaerobic Digester Plant 
The fermentation process takes place in the digester 
while a freeboard serves to collect and dispense biogas 
daily for use. The spent slurry flows into exit chamber 
from the digester. Total plant volume (VT) consists of 
digester (V1) and gas storage (V2) and was calculated as 
follows (Sasse, 1988; IRENA, 2016):  
 
                          
… (8) 
Where V1 is the volume of digester (cylindrical 
bottom part of the plant); 
V2 is the volume of gas storage (freeboard dome 
vault) on top part of the digester (IRENA, 2016) 
                     
… (9)
 
The volume of the cylindrical bottom part of the digester 
was expressed as follows: 
                         
… (10)
 
Where R1 is radius of the cylindrical bottom part of 
the digester 
h1 is the height of the cylindrical bottom part of the 
digester = 1.33R1   
Height of freeboard dome gas storage of upper half of 
hemisphere was computed by 
                   … (11)
 
Where h2 is height of dome from the crown of the 
digester 
R1 is radius of the digester (cylindrical bottom part) 
of the biogas digester plant 
Substitute the values of V2 and R1 to obtain h2 
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2.2.2  Sizing Expansion Slurry Chamber and 
Manhole 
The expansion chamber is based on pressure differential 
between the digester and expansion (slurry discharge) 
chamber which are linked together by a manhole. The 
manhole serves to regulate between liquid level of the 
digester and the slurry discharge height in relation to 
slurry density. Therefore, the dimensions of the manhole 
were determined as follows: 
The height of the manhole h3 is related by h3 = R1- h2. 
Similarly, the breadth of manhole bm is related by bm= h3.  
Therefore, area of manhole (a) is obtained from                
a = bm x h3. The slurry discharge chamber has trapezoid 
shape with narrow width near the manhole and 
increases outward. The capacity of slurry discharge 
chamber is 18% total plant volume (Sasse, 1988):  
                                        … (12) 
The dimensions of the slurry discharge chamber were 
obtained as follows: 
                     … (13) 
Where As is narrow width related by As = 0.5Bs   
Bs is wider width and L is perpendicular distance 
between the two widths, given as: L = 0.85Bs 
                                                                                                                     
2.2.3   Discharge from the Digester to Slurry Exit 
Chamber 
When pressure in the exit chamber is higher than inlet 
pipe, it enhances volumetric flow rate of slurry. The 
discharge through a wholly drowned manhole between 
digester and spent slurry expansion chamber takes place 
under pressure has the net effective pressure head as: 
                   … (14) 
Where h is the difference of liquid levels between the 
digester and expansion chamber. 
Hd is the pressure head over digester; Hec is the pressure 
head over expansion chamber 
The actual velocity of spent slurry through the manhole 
was given as: 
                     … (15)
 
The discharge through the manhole (orifice) was 
expressed as follows: 
                      … (16)
 
The time of flow of liquid from cylindrical digester into 
expansion chamber was given as: 
         … (17) 
The -ve sign of dh is taken because the value of h 
decreases when the discharge increases (Rajput, 2013).  
Where cs is coefficient of slurry discharge  
A1 is area of the cylindrical digester = 2πR1h1                              
A2 is the area of the trapezium spent slurry expansion 
chamber =                            
t is time in days, required to bring the difference of 
liquid from H1 to H2 
Where duration for the biogas generation has limits 
between Day1 ≤ T ≤ 42 Days 
H1 is initial difference between the liquid levels of the 
two tanks (digester and slurry exit chamber) 
H2 is final difference between the liquid levels of the 
two tanks (digester and slurry exit chamber) 
 
2.2.4  Sizing of Feed Pipe  
The design of the digester incorporates the need for 
lower pressure in the inlet pipe to enhance slurry flow. 
The design of internal diameter and length of inlet thick 
rubber feed pipe were based on experience. The internal 
diameter of the feed pipe, dp is related by dp = 0.15D1        
Where dp is internal diameter of feed pipe 
D1 is internal diameter of the cylindrical bottom part 
of the digester = 2R1 
The length of the feed pipe, lp, is related by lp = 2h2 
 
2.3  BIOGAS BURNER AND GAS MANTLE LAMP 
2.3.1  Biogas Transmission and Distribution into 
Biogas Burners and Gas Mantle Lamp    
A digester should not produce gas than the household 
need to avoid explosion and to minimize flaring. Biogas 
stored in freeboard passes through filtering and 
throttling valves processes to the burners and lamps 
(Fig.1).  The amount of biogas used daily in each 
appliance such as cooker, lamp, etc, including losses 
were match to avoid design of over-sized biogas 
digester. 
  
 
 
 
 
 
  
 
Fig.1: Biogas Distribution in Digester Plant 
Biogas from digester to orifices of burners and lamp was 
represented as: 
               … (18) 
Where Q is quantity of biogas generated from biogas 
digester or consumed per day 
Qb is quantity of biogas flow into or used in the 
biogas burners per day 
Ql is quantity of biogas flow into or used in the gas 
mantle lamps per day 
 
The hourly flow rate of biogas into burner during daily 
utilization was represented as follows: 
                       
   … (19) 
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The hourly flow rate of biogas into lamp during daily 
utilization was represented as follows: 
                           … (20) 
The calibrated amount of biogas used by the burner is 
controlled by the size of injector orifice. The injector 
orifice area was determined by the relation given by 
Fulford (1996): 
               … (21) 
Where Qbh is gas flow rate (m3/hr) 
S is specific gravity of gas, Cd is coefficient of 
discharge for the orifice 
P is gas pressure before the orifice in mbar, Ao is area 
of the orifice in mm2 
The internal diameter of the orifice was obtained as 
follows (Fulford,1996): 
                                          … (22) 
The quantity of heat generated at a given time instant is 
the power rating of the burner. The Power (Pwb) rating of 
the burner, was calculated as follows (Slager, 2012): 
      -                … (23) 
Where LCV is lower calorific value of biogas in KJ/kg 
ρ is density of biogas in kg/m3, Qbh is gas flow rate in 
kg/s 
 
2.3.2 Performance Evaluation of Biogas Burner 
The specific firing rate is a measure of intensity of biogas 
operation and burner’s productivity. It also serve as an 
estimate for comparing various burners. The specific 
firing rate was ( ) was calculated as: 
                                      … (24) 
Where Ap is total burner port area (m2). 
 
The selection of total burner port area is to prevent 
lighting back and flame lift. The total burner port area 
was calculated as given by Fulford (1996): 
              … (25) 
Where np is number of ports round burner on the burner 
manifold; dp is port internal diameter (m). 
 
The heat release rate per total burner port area is 
indicative of amount of power output from a burner, 
which depends on how much fuel the burner consumes 
and how much chemical energy is in the fuel. The heat 
release rate per total burner port area (qca) obtained as 
given by Fulford (1996): 
                         … (26) 
Where Pwb in W and Ap in cm 
 
2.3.3  Performance Evaluation of Gas Mantle Lamp 
by Illumination 
The luminous flux describes the quantity of light emitted 
by a biogas lamp. The lamp flux (F) was calculated as 
follows (Tharaja and Tharaja, 2005):  
                        ... (27) 
Where pwl is power rating generated into mantle lamp 
calculated as in biogas burner (Pwb) 
 
The luminous efficiency (ff) is determined by type and 
size of mantle, inlet gas pressure and fuel-air mixture. 
The average lamp has ff that ranges from 1.2 to 2.0 lm/W 
(Tharaja and Tharaja, 2005): 
 
Illuminance is to describe the biogas lamp’s impression 
of brightness. The average illumination selected for 
biogas lamp was (Tharaja and Tharaja, 2005): 
 
Where Ef is the required illumination for usual 
observations as in bedrooms, auditorium and general 
lighting in factories that ranges from 20 to 40 lm/m2 
(Tharaja and Tharaja, 2005). The components of burner 
and mantle lamp are as shown in Fig. 2.  
 
                               Biogas from digester 
 
Fig. 2: Components of Burner and Mantle Lamp. 
 
Illuminance levels are designed for specific visual task 
area. To determine area of working plane to be 
illuminated (m2), the following equation was used 
(Tharaja and Tharaja, 2005): 
        … (28) 
d is depreciation or maintenance factor due to effects 
of dusts on lamp 
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μf is utilization factor due to different degrees of 
absorption, height of fittings 
 
The effective flux is efficiency based on luminous flux 
and amount of power from biogas lamp to create 
required illumination.  The effective flux for the biogas 
lamp was calculated as follows:   
        … (29) 
 
3 RESULTS AND DISCUSSION 
3.1 BIOGAS, REQUIREMENTS, CAPACITY OF BIOGAS 
DIGESTER AND BIOGAS GENERATION 
The biogas properties and requirements of a dome-type 
biogas digester were as shown in Table 1. Computation 
based on biogas demand by family of ten resulted in 
total plant volume of 10.5 m3 to provide rated daily 
biogas need of 4.54 m3/day, which is similar to reported 
plant volume of 11.8 m3 to provide daily rated biogas of 
4.8m3/day in IRENA (2016). The growth and decay of 
biogas generations over retention time, can be described 
by exponential polynomial, were as shown in Fig.3, 
which depict trend described by Schoen et al. (2008), 
Obada et al. (2014b), Dairo et al. (2017) and Omotosho 
and Oke (2018). Prediction of biogas production is also 
related to slurry acidic level (pH values) and changes in 
chemical reaction rates. On commission of biogas 
digester, generation of biogas rose significantly on day 5 
with 1 m3 and to about 5 m3 in day 19 and began to 
decline unless spent slurry are removed and fresh feed 
added. The decline may be attributed to absence of some 
microorganisms that were present at the beginning but 
becomes absence as the retention time increases, 
similarly reported by Odoh et al. (2011). 
  
Table 1. Biogas, Requirements for a Dome-Type Biogas 
Digester 
S/N Description  Unit Value  
1 
Biogas per person per hr for 
cooking 
A 0.05 m3/hr  
2 
Maximum cooking time for a 
meal 
tc 1 hr  
3 
Number of times in cooking in a 
day 
N 4  
5 
Efficiency of biogas supply for 
cooking  
55%  
6 
Biogas consumed by gas lamp 
per day 
B 0.1m3/hr  
7 Lamp lighting period per day tl 5 hrs  
8 
Qty of biogas per 1 kg dry cattle 
dung 
qg 0.036 m3  
9 Density  1.2 kg/m
3  
10 Lower calorific Value LCV 22 MJ/m3  
11 Quantity of cattle dung per day Dd 125 kg  
12 Loading rate per day Ld 250kg  
13 Digester volume V1 7.875 m3  
14 Gas storage volume V2 2.625 m3  
15 
1 m3 sized digester is a dung 
slurry of  
  1000 kg  
 
 
 
 
 
 
Fig.3: Biogas Generation over the period of retention. 
 
3.2 DIMENSIONS AND SPENT SLURRY DISCHARGE FROM 
DOME-TYPE BIOGAS DIGESTER 
The construction and dimensions of a dome-type biogas 
digester including its parts had been described by 
Oloche et al. (2017). The differences to IRENA (2016), 
Desai, et al. (2013) were presentation of formulas in this 
work to link sizes and hydraulic flow in design of the 
digester. The decline of slurry level in the digester was 
as shown in Fig. 4. The decline of the digester slurry 
height was attributed to commencement of spent slurry 
flow into expansion chamber. The spent slurry flow 
trend was due to effect of gas pressure that was exerted 
on the digester slurry as retention days increases. 
Similarly, the digester operates on the principle of 
discharged through fully submerged orifice, firstly, by 
gravity settling in the digester and secondly, by surface 
adhesion of spent particles into outflow. Matlab was 
used to predict the slurry flow but computational fluid 
dynamics can be used as reported by Hosseini et al. 
(2014).  
 
Fig.4: Spent Slurry Flow from Digester to Discharge Chamber 
 
3.3 BIOGAS BURNER AND GAS MANTLE LAMP 
The biogas burner and lamp output with the biogas 
supply were as shown in Fig.5. The family of ten will use 
two biogas burners and two gas mantle lamps at the 
characteristics shown in Tables 2 and 3. The burner and 
lamp had biogas flow rates of 0.36 m3/hr and 0.108m3/hr, 
which were similar to average flow rates for burner (0.38 
m3/hr, China) and lamp (0.093 m3/hr, India) in IRENA 
(2016). The evaluation of burner was based on specific 
firing rate (SFR) and heat release rate per unit area 
(HRR/A) with 0.256 m3/s/m2 and 677 W/cm2, 
respectively. These values of SFR and HRR/A were bases 
to compare two different burners such as its power 
rating and ability to prevent flame lift (Fulford, 1996). 
The lamp was evaluated based on light output of 1267 
lm and illumination area of 11.3 m2. An area of 11.3 m2 
will require one lamp at a space/height ratio of unity as 
was reported by Tharaja and Tharaja, (2005). Fig.5 shows 
relationship between output and orifice for burner and 
lamp at about 9.0 kW and 2.0 kW, respectively (*Fulford, 
1996) 
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Table 2: Characteristics of the Biogas Burner 
S/N Description  Unit Value 
1 Flow rate of biogas Qbh 0.0001 m3/s 
2 Orifice internal diameter dob 2 mm 
3 maximum power Pwb 2.64 kW 
4 Total area of port Ap 3.9 cm2 
5 No. of ports on burner np 20*  
6 Port internal diameter dp 5 mm* 
 
Table 3 Characteristics of the Mantle Lamp 
S/N Description   Unit Value 
1 Flow rate of biogas Qlh 0.00003 m3/s 
2 Internal diameter of 
orifice 
dol 1 mm 
3 Maximum power Pwl 792 W 
4 Effective flux Feff 339.5 lm 
         
 
Fig. 5: Heat Output from the Lamp and burner at 1mm and 2 mm 
orifice, respectively. 
4 CONCLUSION 
The conclusions drawn from the design of an anaerobic 
digester were: 
 The digester total plant volume of 10.5 m3 can 
provide rated daily biogas production of 4.54 m3 for 
cooking and lighting in a family of ten with two each 
of burners and lamps. 
 Biogas generation shows a trend that that can be 
described by exponential polynomial. 
 Mathematical equations for the digester were used to 
predict outflow of spent slurry. 
 The specific firing and heat release rates per unit port 
area were 0.256 m3/s/m2 and 677 W/cm2 respectively. 
The light output was 1267 lm and area of illumination 
was 11.3 m2. 
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